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The  physicochemical  and  electrochemical  properties  of  the  binary  ionic  liquid  (IL),  lithium  bis(trifluoro- 
methylsulfonyl)amide  (LiTFSA)  dissolved  in  N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium 
bis(trifluoromethylsulfonyl)amide  (DEMETFSA),  were  investigated.  The  ionic  conductivity  of  the  binary 
IL  decreased  with  an  increase  in  LiTFSA  concentration.  The  self-diffusion  coefficients  of  Li+,  DEME+,  and 
TFSA-  dissolved  in  the  IL  were  measured  by  using  the  pulsed-field-gradient  spin-echo  (PGSE)  NMR 
method.  The  self-diffusion  coefficient  of  each  ionic  species  was  also  found  to  decrease  with  increasing 
concentration  of  LiTFSA.  The  limiting  current  density  in  the  IL  electrolyte  was  evaluated  by  chronoam- 
perometry  using  symmetric  Li|IL|Li  cell.  The  results  suggest  that  the  diffusion  process  of  Li(I)  in  the  IL 
dominates  the  limiting  current  density  in  the  cell.  The  highest  limiting  current  density  is  achieved  at  a 
concentration  of  0.64  mol  dm-3  of  LiTFSA. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Ionic  liquids  (ILs)  have  recently  attracted  considerable  attention, 
and  they  are  expected  to  have  a  wide  range  of  applications.  ILs  com¬ 
bine  unique  properties  such  as  wide  liquid  temperature  range  and 
negligible  vapor  pressure  with  high  thermal  and  electrochemical 
stability.  To  date,  electrochemists  have  attempted  to  use  ILs  as  new 
electrolytes  in  electrochemical  devices.  For  example,  ILs  are  among 
the  most  attractive  nonflammable  electrolytes  that  can  be  used  for 
achieving  high  thermal  stability  in  lithium  ion  batteries.  There  have 
been  many  reports  on  the  use  of  bis(trifluoromethylsulfonyl)amide 
(TFSA_)-based  ILs  as  possible  electrolytes  for  lithium  ion  batteries 
[1-17].  In  these  studies,  the  high  thermal  stability  of  TFSA_-based 
ILs,  even  when  they  are  in  contact  with  charged  electrode  materi¬ 
als,  was  demonstrated  [11,17];  stable  charge-discharge  operations 
using  either  half  cells  or  full  cells  were  also  demonstrated  [1-16]. 
In  light  of  these  findings,  the  charge-discharge  rate  capabilities 
of  Li|IL|LiCo02  cells  were  evaluated  by  different  research  groups 
[4,5,1 0].  However,  typical  ILs  are  approximately  two  orders  of  mag¬ 
nitude  higher  in  viscosity  than  conventional  organic  electrolytes. 
It  was  therefore  anticipated  that  electrolytes  having  such  high 
viscosity  would  limit  the  mobility  of  the  Li(I)  species  and  conse¬ 
quently  the  charge-discharge  capability  of  the  lithium  batteries. 
In  the  past,  the  diffusion  coefficient  of  Li(I)  has  been  estimated  by 
means  of  cyclic  voltammetry  [18]  and  pulsed-field-gradient  spin- 
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echo  (PGSE)  NMR  [19-23]  and  it  was  found  to  be  approximately 
equal  to  10-8-10-7  cm2  s-1.  However,  the  maximum  current  den¬ 
sity  in  a  battery  with  IL  electrolytes  has  not  been  thus  far  thoroughly 
investigated.  In  a  lithium  ion  battery,  the  cathode  and  anode  are 
separated  by  a  porous  film  with  a  thickness  of  ca.  20-30  pan;  there¬ 
fore,  the  Li(I)  transport  between  cathode  and  anode  takes  place  in 
a  finite  space.  It  is  important  to  perform  a  quantitative  study  of  the 
relationship  between  the  Li(I)  transport  properties  in  an  IL  and  the 
limiting  current  density  in  a  finite  space. 

In  this  study,  the  binary  IL,  lithium  bis(trifluoromethyl- 
sulfonyl)amide  (LiTFSA)  dissolved  in  N,N-diethyl-N-methyl-N- 
(2-methoxyethyl)ammonium  bis(trifluoromethylsulfonyl)amide 
(DEMETFSA),  was  chosen  as  a  model  IL.  This  choice  was  based 
on  past  experiments  of  Seki  et  al.  [13,14]  who  verified  the  sta¬ 
ble  charge-discharge  operation  of  Li|LiTFSA/DEMETFSA  binary 
IL|LiCo02.  In  this  study,  we  investigated  physicochemical  prop¬ 
erties  such  as  ionic  conductivity,  viscosity,  and  self-diffusion 
coefficients  of  the  LiTFSA/DEMETFSA  binary  IL.  Furthermore,  the 
limiting  current  density  in  this  IL  was  evaluated  through  a  series 
of  very  simple  experiments  using  a  symmetric  Li|IL|Li  cell. 

2.  Experimental 

DEMETFSA  was  purchased  from  Kanto  Kagaku  and  used  as 
received.  LiTFSA  (3M  Company)  was  dissolved  into  DEMETFSA  in 
order  to  prepare  the  binary  IL  electrolyte.  The  viscosity  of  the  final  IL 
was  measured  using  a  cone-plate  viscometer  (Physica  MCR,  Anton 
Paar).  Density  measurements  were  performed  using  a  thermo- 
regulated  density/specific  gravity  meter  DA- 100  (Kyoto  Electronics 
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Table  1 

The  molar  ratio  of  Li+,  DEME+,  and  TFSA-,  along  with  the  density,  and  ^imp/^NMR 
value  for  the  different  LiTFSA/DEMETFSA  binary  ILs  at  30  °C. 


LiTFSA 

concentration 
(mol  dm-3) 

Molar 

Li+ 

ratio 

DEME+ 

TFSA- 

Density  (gem-3) 

tflmp/tfNMR 

0.00 

0.00 

0.50 

0.50 

1.41 

0.67 

0.14 

0.02 

0.48 

0.50 

1.42 

0.62 

0.42 

0.06 

0.44 

0.50 

1.44 

0.57 

0.64 

0.09 

0.41 

0.50 

1.46 

0.52 

0.86 

0.11 

0.39 

0.50 

1.47 

0.50 

1.16 

0.15 

0.35 

0.50 

1.50 

0.50 

Manufacturing).  The  ionic  conductivity  of  the  IL  under  study  was 
estimated  through  complex  impedance  measurements,  performed 
with  the  use  of  a  computer-controlled  impedance  analyzer  (VMP2, 
Princeton  Applied  Research).  For  this  purpose,  the  IL  was  poured 
into  an  airtight  cell  consisting  of  two  platinum  electrodes,  and  then, 
the  impedance  measurements  were  performed  at  30  °C.  The  self¬ 
diffusion  coefficients  for  Li+,  DEME+,  and  TFSA-  were  measured  by 
PGSE-NMR  (JNM-AL  400,  JEOL).  Details  of  the  PGSE-NMR  measure¬ 
ments  have  been  reported  elsewhere  [24-26]. 

A  symmetric  cell,  Li | LiTFSA/DEMETFSA  binary  IL|Li,  was 
fabricated  to  study  the  electrochemical  properties  of  the 
LiTFSA/DEMETFSA  electrolyte.  More  specifically,  the  symmetric 
configuration  was  implemented  in  a  way  that  the  final  cell  resem¬ 
bles  the  common  CR  2032  type  cell.  Two  Li  metal  foils  were  cut 
into  disk  shape  (16  mm  in  diameter)  and  used  as  electrodes.  A 
porous  polyethylene  sheet  (Celgard®  2730,  21  p,m-thick  and  with 
43%  porosity)  was  added  to  separate  the  two  Li  electrodes.  In  other 
words,  the  electrolyte  was  kept  within  voids  of  the  porous  separa¬ 
tor.  All  materials  were  handled  in  an  argon-filled  glove  box  (VAC, 
dew  point  <-80  °C).  Electrochemical  measurements  were  con¬ 
ducted  using  the  computer-controlled  potentio/galvanostat,  VMP2. 
After  the  cell  fabrication  was  completed,  a  voltage  of  10  mV  was 
applied  for  1200  s  to  the  newly  developed  cell  in  order  to  obtain  a 
fresh  lithium  metal  surface  by  stripping  and  deposition  of  Li  at  the 
anode  and  cathode,  respectively.  Subsequently,  the  cell  was  kept 
in  an  open  circuit  for  two  days.  The  AC  impedance  measurements 
were  performed  at  open  circuit  voltage  with  a  peak-to-peak  ampli¬ 
tude  of  10  mV  and  frequency  ranging  from  500  kEIz  to  20  mEIz.  The 
open  circuit  potential  was  confirmed  to  be  lower  than  1  mV  before 
we  started  the  impedance  measurements.  More  specifically,  DC 
polarization  was  conducted  at  different  controlled  voltage  stepped 
from  open  circuit  voltage  (OCV<3mV).  All  the  electrochemical 
measurements  were  carried  out  at  30  °C. 


3.  Results  and  discussion 

The  density  of  the  LiTFSA/DEMETFSA  binary  IL  was  found  to 
increase  with  increasing  LiTFSA  concentration  (Cy),  as  shown  in 
Table  1.  Fig.  1(a)  shows  the  viscosity  ( rj )  and  ionic  conductivity 
(cr imp)  as  a  function  of  CLi.  We  noted  that  the  ionic  conductivity 
decreases  with  increasing  CLi,  a  decrease  which  was  mainly  due 
to  an  increase  in  viscosity,  a  phenomenon  that  has  been  widely 
reported  [2,3,1 0,1 5,27].  The  high  viscosity  of  the  LiTFSA/DEMETFSA 
system  resulted  in  a  lower  ionic  conductivity  than  typical  organic 
electrolytes  [28].  The  self-diffusion  coefficients  of  Li+,  DEME+,  and 
TFSA-  measured  by  means  of  PGSE-NMR  are  shown  in  Fig.  1  (b). 
The  diffusion  coefficient  for  each  ionic  species  ranges  from  10-8 
to  10-7  cm2  s-1.  The  self-diffusion  coefficients  were  also  found  to 
decrease  with  increasing  CLi.  The  ionic  conductivity  (<tnmr)  was 
calculated  based  on  the  experimentally  estimated  self-diffusion 
coefficient  with  the  use  of  the  Nernst-Einstein  Eq.  (1)  and  the 


Fig.  1.  (a)  Viscosity  and  ionic  conductivity  of  LiTFSA/DEMETFSA  binary  ILs.  (b)  Self¬ 
diffusion  coefficients  for  the  DEME+,  Li+,  TFSA-  in  ILs  as  a  function  of  the  LiTFSA 
concentration  at  30  °C. 


assumption  that  salts  are  completely  dissociated  in  the  liquid  [29]: 
e2 

°NMR  =  1<T  ^U+  Dli+  +  ^DEME+  ^DEME+  +  ^TFSA-  ^TFSA-  )  ( 1 ) 

where  e  is  the  electric  charge  on  each  ionic  carrier,  k  is  the  Boltz¬ 
mann  constant,  T  is  the  absolute  temperature,  Nx  (X=Li+,  DEME+, 
and  TFSA-)  is  the  number  of  X  ions  in  a  unit  volume,  and  Dx 
is  the  self-diffusion  coefficient  of  X  which  is  determined  by  the 
PGSE-NMR  method.  The  ionic  conductivity  estimated  based  on 
the  diffusivity  (crNMR)  was  higher  than  <7Imp,  a  difference  that 
can  be  attributed  to  the  interaction  between  ionic  species  and 
the  formation  of  ion  pairs  and  aggregates.  Nonetheless,  such  the 
ionic  aggregation  is  a  phenomenon  that  evolved  both  in  time  and 
space  and  such  aggregations  were  not  considered  to  be  static.  The 
o imp/^NMR  ratio  was  defined  as  the  ionicity,  or  in  other  words,  the 
dissociativity  of  the  IL  [24-26,29].  The  value  of  the  crImp/(jNMR  ratio 
was  found  to  decrease  with  increasing  CLi  (Table  1 ).  By  dissolving 
Li  salts  into  DEMETFSA,  the  coordination  of  Li+  cations  with  two 
TFSA-  anions  and  the  formation  of  Li(I)  oligomeric  species  have 
been  reported  to  occur  because  of  the  strong  Lewis  acidity  of  Li+ 
cations  [30].  The  formation  of  such  complex  structures  in  the  IL 
brought  about  an  increase  in  the  viscosity  of  IL.  These  strong  inter¬ 
actions  between  Li+  cations  and  TFSA-  anions  in  the  IL  may  further 
cause  a  decrease  in  the  crImp/orNMR  ratio  as  CLi  is  increased.  This 
hypothesis  was  supported  by  the  fact  that  the  difference  between 
the  values  ofDu+  and  DTFSA-  became  less  pronounced  with  increas¬ 
ing  CL i  (Fig.  1(b)),  though  the  diffusion  coefficients  of  TFSA-  bound 
to  Li+  and  free  TFSA-  could  not  be  distinguished  by  PGSE-NMR. 
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Fig.  2.  (a)  Nyquist  plots  for  a  symmetric  Li|IL  with  separator|Li  cell.  The  LiTFSA 
concentration  CLi  was  equal  to  0.64  mol  dm-3,  and  the  distance  between  two  Li  elec¬ 
trodes  (/)  was  42  |xm.  The  inset  is  the  schematic  diagram  of  the  equivalent  circuit 
model  used  to  simulate  the  impedance  spectra  and  (b)  solution  resistance,  Rso\,  as  a 
function  of  distance  between  two  Li  electrodes. 


To  investigate  in  more  detail  the  mass  transport  phenomena 
taking  place  in  the  electrolyte  during  electrochemical  reactions,  a 
symmetric  Li|IL|Li  cell  was  assembled.  Fig.  2(a)  shows  the  Nyquist 
plots  for  a  symmetric  Li|0.64moldm-3  LiTFSA/DEMETFSA  with 
dual  separators | Li  cell.  These  Nyquist  plots  were  produced  by 
means  of  a  modified  Randles-type  equivalent  circuit,  in  which  the 
double-layer  capacitor  had  been  replaced  with  a  constant  phase 
element  (CPE).  The  solution  resistance  (ftsol)  was  estimated  to 
be  equal  to  18  £2,  and  the  interfacial  resistance  of  the  Li  metal 
electrode | electrolyte  (^interface)  88  The  distance  between  two  Li 
electrodes  changed  with  varying  the  number  of  separator  sheets. 
Fig.  2(b)  shows  the  dependence  of  Rsol  on  the  distance  between 
the  two  Li  electrodes.  Because  Rsoi  changes  linearly  with  the  dis¬ 
tance  between  the  two  electrodes,  it  can  be  approximated  with  the 
following  expression  [31,32]: 

Rsol  =  jjf—  (2) 

where  l  is  the  distance  between  two  Li  electrodes,  A  is  the  area 
of  each  electrode  (2  cm2),  s  is  the  porosity  and  r  is  the  tortuosity 
factor  of  the  separator,  and  lastly,  <rImp  is  the  ionic  conductivity 
of  the  electrolyte.  From  the  dependence  of  Rsol  on  l,  the  tortuosity 
factor  was  estimated  to  be  4.4.  This  value  implies  that  the  pathway 
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Fig.  3.  Chronoamperograms  for  a  symmetric  Li|IL  with  separator 
(CLi  =  0.64  mol  dm-3,  l  =  42  p,m)|Li  cell  measured  at  various  cell  voltages. 


for  the  mass  transport  in  the  separator  is  4.4  times  longer  than  the 
thickness  of  separator. 

Fig.  3  shows  chronoamperograms  for  a  Li  1 0.64  mol  dm-3  LiTFSA 
in  DEMETFSA  with  dual  separators] Li  cell  measured  under  different 
polarization  voltages.  Large  currents  were  observed  after  polar¬ 
ization.  However,  as  the  currents  decayed  gradually,  steady-state 
currents  were  observed.  The  large  current  after  the  polarization 
is  attributed  to  the  formation  of  a  concentration  gradient  of  Li(I) 
in  the  electrolyte  between  the  cathode  and  the  anode.  The  current 
decays  because  the  Li(I)  transference  number  is  less  than  unity.  The 
polarized  DEME+  and  TFSA-  cannot  be  discharged  at  the  electrodes ; 
this  causes  the  concentration  polarization  of  LiTFSA  to  propagate 
throughout  the  electrolyte.  The  steady-state  current  corresponds 
to  the  current  carried  entirely  by  Li(I).  We  regarded  the  current 
measured  at  1200  s  as  the  steady-state  current  ( / oo)  because  the 
decrease  in  the  current  during  the  interval  from  1100s  to  1200  s 
is  less  than  2%.  Fig.  4(a)  shows  the  steady-state  current  densities 
estimated  based  on  chronoamperometry  measurements  (Fig.  3)  as 
a  function  of  the  applied  voltage.  The  steady-state  current  density 
increases  as  the  applied  voltage  increases  in  the  range  from  0  to 
0.2  V,  suggesting  that  the  steady-state  current  is  not  controlled  by 
diffusion  processes  but  by  the  charge  migration  and  charge  transfer 
process  at  the  Li|IL  interface.  On  the  other  hand,  the  steady-state 
current  density  was  independent  of  the  applied  voltage,  when  the 
latter  is  in  the  range  of  0.2-1. 0  V.  This  finding  suggests  that  the 
limiting  current  should  be  attributed  to  the  diffusion-limited  pro¬ 
cess  of  electrochemically  reactive  species  of  Li(I).  The  diffusion  of 
Li(I)  occurs  in  the  finite  space  between  two  Li  electrodes.  In  this 
case,  therefore,  the  thickness  of  the  diffusion  layer  corresponds  to 
the  thickness  of  the  separator.  Furthermore,  it  can  be  controlled  by 
varying  the  number  of  separator  sheets.  To  confirm  this,  the  depen¬ 
dence  of  limiting  current  density  on  the  distance  (/)  between  two  Li 
electrodes  was  evaluated  using  the  chronoamperometry  measure¬ 
ments.  Fig.  4(b)  shows  the  limiting  current  density  as  a  function 
of  the  reciprocal  of  l.  The  distance  l  is  controlled  by  changing  the 
number  of  separator  sheets.  We  found  that  the  limiting  current 
density  decreases  with  increasing  number  of  separator  sheets.  This 
was  attributed  to  the  dependence  of  the  limiting  current  on  the 
Li(I)  diffusion-controlled  current  under  the  finite  conditions;  that 
is,  the  Li(I)  concentration  gradient  becomes  smaller  as  the  distance 
between  the  two  electrodes  is  increasing.  However,  the  limiting 
current  density  deviates  from  the  linear  relation  at  relatively  larger 
l  (smaller  1//)  probably  due  to  the  presence  of  convection  in  the 
electrolyte. 
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Fig.  4.  (a)  Steady-state  current  density  observed  for  the  symmetric  Li|IL  with  sep¬ 
arator  (CLi  =  0.64  mol  dm-3,  /  =  42|xm)|Li  cell  at  various  cell  voltages,  (b)  Limiting 
current  density  for  Li  |  IL  with  separator  ( CLi  =  0.64  mol  dm-3 )  |  Li  coin  cell  as  a  function 
of  distance  between  two  Li  electrodes  (/). 


Fig.  5.  Limiting  current  density  for  the  symmetric  Li|IL  with  separator  (  /  =  42  |jim)|Li 
cell  as  a  function  of  the  LiTFSA  concentration.  The  circle  and  square  symbols  repre¬ 
sent  the  limiting  current  density  measured  by  chronoamperometry  and  the  values 
predicted  using  Eq.  (3)  and  self-diffusion  coefficient  of  Li(I),  respectively. 


Fig.  5  shows  the  limiting  current  density  as  a  function  of  CLi.  It 
should  be  noted  that  the  limiting  current  density  demonstrates  a 
convex  curvature,  with  a  maximum  at  0.64  mol  dm-3.  This  result 
does  not  agree  with  the  ionic  conductivity  which  simply  decreases 
with  an  increase  in  LiTFSA  concentrations,  as  shown  in  Fig.  1(a).  As 
for  the  total  ionic  conductivity  (Fig.  1),  the  total  number  of  charge 
carriers  (DEME+,  Li+,  TFSA- )  does  not  change  considerably  since  the 
changes  observed  in  the  ionicity  (dissociativity)  and  density  after 
the  addition  of  LiTFSA  are  relatively  small  (Table  1 ).  Thus,  the  vis¬ 
cosity  increase  (Fig.  1)  simply  depresses  the  mobility  of  the  charge 
carriers,  resulting  in  a  decrease  in  the  ionic  conductivity.  On  the 
other  hand,  the  limiting  current  is  determined  by  the  Li(I)  diffu¬ 
sion  flux,  and  thus,  where  its  maximum  would  be  observed  is  due 
to  the  inverse  effect  of  the  LiTFSA  concentration  on  the  number  of 
Li(I)  species  and  the  diffusivity.  LiTFSA/DEMETFSA  binary  IL  has  an 
optimum  LiTFSA  concentration  at  0.64  mol  dm-3  with  respect  to 
enhancement  of  the  Faradaic  current  under  Li(I)  diffusion-limited 
conditions  or,  in  other  words,  under  highly  polarized  conditions.  It 
was  made  clear  that  the  limiting  current  is  the  result  of  a  delicate 
balance  between  the  diffusivity  and  the  number  of  electrochemi- 
cally  reactive  species,  namely,  the  Li(I)  diffusion  flux. 

The  limiting  current  density  (/lim)  can  be  approximately  pre¬ 
dicted  based  on  the  values  of  the  diffusion  coefficient  of  Li(I) 
and  CL i  in  the  electrolyte.  The  diffusion-controlled  current  can  be 
expressed  as  follows: 


^lim  — 


nFDLi 


^(Qinode  Qathode) 


lx 


(3) 


where  n  is  the  number  of  transferred  electrons  (n  =  1 ),  Fis  the  Fara¬ 
day  constant,  and  Ccathode  and  Canode  are  the  molar  concentration  of 
Li(I)  at  the  surfaces  of  cathode  and  anode,  respectively.  To  ensure 
the  simplicity  of  this  mathematical  model,  the  convection  and 
migration  processes  in  the  electrolyte  are  not  taken  into  account 
in  Eq.  (3).  Eq.  (3)  was  used  to  estimate  the  limiting  current  on  the 
assumption  that:  (i)  the  Li(I)  concentration  at  the  cathode  (Ccathode) 
and  anode  electrode  (Canode)  are  0  and  2  x  Cy,  respectively,  taking 
account  of  material  balance  in  the  cell,  (ii)  the  Li(I)  concentra¬ 
tion  changes  linearly  as  a  function  of  the  electrolyte  thickness,  and 
(iii)  the  diffusion  coefficient  obtained  by  means  of  PGSE-NMR  rep¬ 
resents  the  mean  diffusion  coefficient  for  the  whole  electrolyte. 
Despite  these  simplifications,  the  predicted  current  density  is  more 
or  less  consistent  with  the  experimental  value,  which  is  also  shown 
in  Fig.  5.  However,  the  predicted  value  deviated  from  the  experi¬ 
mental  value  at  relatively  low  values  of  CLi,  probably  because  the 
concentration  gradient  of  Li(I)  is  not  uniform  within  the  space 
between  two  Li  electrodes.  The  viscosity  of  the  liquid  and  the  dif¬ 
fusivity  of  Li(I)  change  depending  on  the  concentration  of  Li(I).  The 
viscosity  profile  under  the  concentration  gradient  in  the  electrolyte 
will  need  to  be  further  investigated  for  a  more  accurate  prediction. 

As  demonstrated  in  this  paper,  the  limiting  current  densities 
in  ILs  for  lithium  batteries  are  dominated  by  the  diffusion  process 
of  Li(I).  We  estimated  that  the  maximum  limiting  current  density 
is  0.32  mA cm-2  for  a  single  separator  (21  p,m-thick  and  porosity 
of  43%),  as  shown  in  Fig.  4(b).  Unfortunately,  this  current  den¬ 
sity  is  not  high  enough  for  the  practical  application  of  ILs  in  high 
power  lithium  batteries.  It  should  be  noted  that  a  battery  cannot 
be  charged  and  discharged  at  current  densities  higher  than  the 
limiting  current  density.  Although  the  charge-discharge  rate  of  a 
lithium  ion  battery  is  determined  by  many  factors,  the  Li(I)  trans¬ 
port  properties  of  the  electrolytes,  particularly  in  the  case  of  viscous 
electrolytes,  have  a  significant  effect  on  the  charge-discharge  rate 
capability  of  a  battery.  It  is  possible  to  increase  the  limiting  current 
density  in  ILs  by  reducing  the  resistance  of  the  separator  layer:  for 
example,  the  use  of  separators  of  a  relatively  high  porosity  and  low 
tortuosity  should  be  instrumental  in  achieving  the  desired  limiting 
current  density. 
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4.  Conclusions 

The  self-diffusion  coefficients  of  Li+,  DEME+,  and  TFSA-  in  a 
LiTFSA/DEMETFSA  binary  IL  were  measured  by  PGSE-NMR.  We 
found  that  the  self-diffusion  coefficient  of  each  ionic  species 
decreased  with  increasing  concentration  of  LiTFSA.  The  limiting 
current  density  in  the  LiTFSA/DEMETFSA  binary  IL  electrolyte  was 
evaluated  using  a  symmetric  Li|IL|Li  cell.  The  diffusion  process  of 
Li(I)  in  the  IL  dominates  the  limiting  current  density  in  the  cell.  The 
highest  limiting  current  density  is  achieved  at  a  concentration  of 
0.64  mol  dm-3  of  LiTFSA.  In  addition  to  the  Li(I)  transport  proper¬ 
ties  of  the  electrolyte,  the  porosity,  and  tortuosity  of  the  separator 
have  significant  effect  on  the  limiting  current  density. 
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